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Available online 5 October 2013AbstractThe casting-solid extrusion forging plus semi-solid partial remelting route is used to improve the properties of AZ31 magnesium alloy
products. The effect of remelting temperature and holding time on the microstructure of AZ31 magnesium alloy is studied. Furthermore, the
properties of AZ31 magnesium alloy components produced by the casting-solid extrusion forging plus partial remelting route are examined. The
results show that the AZ31 components have very good smooth surface and are formed completely. The increases in holding time and remelting
temperature result in the formation of spheroidal grains surrounded by liquid phases. The best combination of properties of thixoforged alloy is
290 MPa of tensile strength, 220 MPa of yield strength and 10% of percentage elongation.
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Magnesium alloys, as a structural material with low den-
sity, high specific strength, good electromagnetic shielding
characteristics and good machinability, have a wide applica-
tion prospect in aerospace, automobile and electronic in-
dustries [1e5]. AZ31 is the most widely used commercial
magnesium alloy. However, as low mechanical properties, the
applications of AZ31 alloy were constrained.
Thixoforming is a semi-solid metal processing route, by
which the alloy in the semi-solid state is processed into the
near-net shaped components [6]. The thixoforming requires an* Corresponding author.
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material of which the microstructure is spheroidal rather than
dendritic [7e9]. Some processing routes, such as strain
induced melt activation (SIMA) [10,11], recrystallization and
partial melting (RAP) and semi-solid thermal transformation
(SSTT), can meet this requirement. The multi-axial forging
(MAF), equal channel angular extrusion (ECAE) and com-
pound extrusion belong to severe plastic deformation [12e14].
Among them, the casting-solid extrusion is an effective route
for RAP process in thixoforming. The technique can be used
to produce the ultrafine-grained materials with excellent me-
chanical properties.
There are many reports [5,11] on the microstructure evo-
lution and mechanical properties of magnesium alloys in the
semi-solid state, but few reports on the microstructural evo-
lution of semi-solid AZ31 magnesium alloy prepared by the
casting-solid extrusion forging during partial remelting.
The microstructure evolution of semi-solid AZ31 magne-
sium alloy prepared by the squeeze casting-solid extrusion
plus partial remelting route is examined. Then the effect ofction and hosting by Elsevier B.V. All rights reserved.
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of AZ31 alloy is investigated. Moreover, the mechanical
properties of thixoformed AZ31 magnesium alloy are also
presented.
2. Experiment
The material used in this work is AZ31 magnesium alloy.
The AZ31 alloy melt was stirred at 760 C for 25 min, then
cooled down to 730 C, keeping it for 10 min. The preheating
temperature of die is 350 C. Graphite is used as die lubricant.
Melt was poured into a die with a diameter of 125 mm and a
height of 80 mm, the pressure exerted on the melt by a punch
immediately increased to 350 MPa and keeping this state for
60 s until the melt is completely solidified. When the tem-
perature of AZ31 alloy is reduced to 250 C, the alloy was
extruded into a bar at an extrusion ratio of 9 and an extrusion
rate of 15 mm/s.
After extrusion, the alloy is cooled to room temperature in
the air. The squeeze casting-solid extrusion formed AZ31 is
cut into the samples with about 2 mm in diameter and 12 mg
in weight. An argon atmosphere is used as protective gas. The
samples are heat treated in a furnace. The furnace temperature
is controlled by a thermocouple placed next to the samples.
The samples are reheated at the temperature between the
solidus and liquidus temperatures for 10e40 min. On removal
of the samples from the furnace, the samples are immediately
quenched in cold water.
The semi-solid thixoformability of squeeze casting-solid
extrusion formed AZ31 is examined by using the thixoforged
cartridge components. The slugs with 40 mm in diameter and
260 mm in height are machined from the squeeze casting-solid
extrusion formed bars for thixoforging. For recrystallization
and microstructural spheroidization, the extrusion formed
samples of AZ31 are rapidly heated to the semi-solid tem-
perature. The samples are thixoformed by the cartridge die
when the target thixoforging temperature and holding time are
attained. The forging speed is 0.5 m/s, and the preheating
temperature of the cartridge die is 300 C.
In this study, based on the RAP route, the casting-solid
extrusion and partial remelting be used for preparing semi-
solid billets, as shown in Fig. 1. The preparing process of
semi-solid billets involves the following steps:
(1) A pre-specified amount of molten metal is poured into a
preheated die cavity located on the bed of a hydraulic
press (Fig. 1(a) and (b)).
(2) Closing the die cavity, putting pressure on the die cavity
quickly, the molten metal solidified under pressure
(Fig. 1(c)).
(3) Keeping up the pressure until the melt is completely so-
lidified. The solid extrusion starts when the temperature
reduces to the recrystallization temperature (Fig. 1(d)).
(4) According to the shapes of products, for partial remelting,
the squeeze casting-solid extrusion formed materials are
cut into some bars (Fig. 1(e)). A spheroidal structure can
be produced by heating the squeeze casting-solid extrusionformed structure to the semi-solid temperature for a period
of time (Fig. 1(f)). And then the spheroidal structure is
thixoforged (Fig. 1(g)) to obtain a final component
(Fig. 1(h)).
The microstructure evolution of it during reheating is
examined by optical microscopy (OM), and the fractographic
analysis of the fracture surfaces of tensile samples is examined
by scanning electron microscopy (SEM). The metallographic
samples are prepared by the standard technique, which are
sanded with SiC abrasive paper, polished with Al2O3 sus-
pension solution, and then etched in an aqueous solution of 4
vol. % concentrated HNO3. The grain sizes of the reheated
samples are measured using a mean linear intercept method.
The shape factor is calculated by the following equation
F¼ ð4pAÞ=P2
where P is the perimeter, and A is the area (F ¼ 1: sphere;
F / 0: needle-like). The mechanical properties of tensile
samples are measured using Instron 5569 testing machine at a
tensile speed of 2 mm/min.3. Results and discussion3.1. Squeeze casting-solid extrusion formed
microstructureThe microstructure of the squeeze casting-solid extrusion
material AZ31 is shown in Fig. 2. Dynamic recrystallization of
it during extrusion enables the coarse dendritic microstructure
of the direct chill cast billet to be transformed into a fine and
equiaxed grain structure. Mean grain size is about 20e40 mm.
Because of the applying a pressure, the both ends of billets are
in complete contact with the die. These results in reducing in
the air gap between the alloy and the die wall, the alloy can be
solidified at a higher cooling speed. Therefore, as expected, a
finer microstructure can be obtained. At the same time,
because of the application of external pressures, the melting
point of the alloy increases according to ClausiuseClapeyron
equation
dT
dP
¼ TmDV
Hf
ð1Þ
where P is the applied pressure, Tm is the equilibrium solidi-
fication temperature, DV is the volume change during solidi-
fication, and Hf is the latent heat of fusion. During
solidification, DV and Hf are normally negative due to
shrinkage of metal and heat release. Thus, dT/dP is positive,
which indicates that an increase in applied pressure leads to a
rise in solidification temperature. The higher freezing point
causes the higher undercooling in the initially superheated
alloy, thereby elevating the nucleation rate to result in a finer
microstructure.
Fig. 1. Schematic diagram of squeeze casting-solid extrusion.
Fig. 2. Microstructure of casting-solid extrusion AZ31 alloy.
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solid extrusion formed AZ31 during partial remeltingThe semi-solid microstructure evolution of AZ31 alloy
held at 590 C for different holding times is illustrated in
Fig. 3. It can be found from Fig. 3 that the microstructure
evolves obviously with the increases in holding time. For the
holding time of 0 min (AZ31 is rapidly heated to 590 C, and
then quickly cooled), many dispersed particles exist in the
grains, as shown in Fig. 3(a). After a holding time of 10 min,
the liquid phase appears and the grains exhibit growth, as
shown in Fig. 3(b). The solid phase grains are obviously
separated by the grain boundaries, and surrounded by the
liquid phase with the increase in holding time. After 20 min
and 40 min, the grains are not as large as those after 10 min
because of the increase in the amount of liquid both within the
grains and at the grain boundaries, as shown in Fig. 3(c)
and (d).
Fig. 4 shows the microstructural evolution of AZ31 alloy
held at 600 C for 0 min, 10 min, 20 min and 40 min. When
the alloy is heated to the solidus, the grain boundaries are
gradually surrounded with liquid phase by the dissolution of
low melting temperature phase. At the grain boundaries, liquid
phase quickly occurs. Simultaneously, the spheroidizing and
coarsening of grains are activated (Fig. 4(a)). In the initial
stage, the non-uniform temperature field leads to an inhomo-
geneous distribution of liquid phase, which is a driving force
for liquid phase penetration. With increasing the holding time
to 10 min, the polygonal grains are obviously spheroidized
(Fig. 4(b)). Fig. 4(c) shows that the significant coarsening of
grains occurs in the semi-solid state after 20 min. The disap-
pearance of grain boundaries resulting in the combination of
grains is seen from Fig. 4(c), where the grain boundary be-
tween grains A and B disappears, leading to the formation of a
larger grain with irregular shape. If the holding time is further
extended, the grain coarsening may result in the combination
of adjacent grains (Fig. 4(d)). The small intragranular liquid
droplets are observed from Fig. 4. In the magnesium alloy, the
intragranular liquid droplets in the semi-solid microstructure
are attributed to chemical segregation.
The shape factors of AZ31 alloy during partial remelting at
590 C and 600 C are shown in Fig. 5. The shape factor
measurements show that the grains tend to be spherical with
the extension of holding time. When the temperature of partial
remelting is 590 C, the solid grains tend to be spherical after
Fig. 3. Effects of different holding times on microstructures at 590 C: (a) 0 min; (b) 10 min; (c) 20 min; (d) 40 min.
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enlarge and coarsen after 20 min of isothermal holding. One
consequence of this is that the spherical grains evolve into the
angular shapes with the extension of holding time, and theFig. 4. Effects of different holding times on microstructures ashape factor decreases slightly. Moreover, it also can be seen
from Fig. 5 that the degree of spheroidization at the remelting
temperature of 600 C is better than that at the remelting
temperature of 590 C.t 600 C: (a) 0 min; (b) 10 min; (c) 20 min; (d) 40 min.
Fig. 5. Shape factors of AZ31 alloy during partial remelting at 590 C and
600 C for different holding times.
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solid extrusion formed AZ31 during partial remeltingFig. 6 shows the microstructures of semi-solid billets
partially remelted at the different melting temperatures. The
holding time is 20 min for all temperatures. The morphology
shows that the partial remelting temperatures have great in-
fluence on the microstructures of alloy. At the melting tem-
perature of 590 C, the spheroidizing does not occur
completely. However, at the grain boundaries, the spheroid-
izing phenomenon are found (Fig. 6(a)). When the heating
temperatures are 600 C (Fig. 6(b)) and 610 C (Fig. 6(c)), the
rain boundaries melt obviously. The solid phase grains growFig. 6. Effects of different heating temperatures on the microsup and are surrounded by the liquid phase. When the heating
temperature is up to 620 C, the solid phase grains grow up
seriously and the liquid phase also increases (Fig. 6(d)). With
the increase of remelting temperature, at the grain boundaries,
the low melting point compounds dissolved gradually, the
liquid phase is increased.
Fig. 7 shows the shape factor of AZ31 alloy held at the
different partial remelting temperatures for 20 min. The shape
factor shows a continuously increasing trend as the holding
temperature increases. With the increase in remelting tem-
perature, the solid grains tend to be spherical.
The recrystallization phenomenon does not occur at the
squeeze casting-solid extrusion alloy. The banded structures
(b-Mg17Al12) are unevenly distributed in the microstructure.
Increasing the melting temperature, the eutectic microstruc-
tures, b-Mg17Al12 phase, dissolve into the primary a-Mg. The
dissolution of b-Mg17Al12 phase leads to the increase in the Al
content in the primary a-Mg. Because of high heating rate,
only a small amount of b-Mg17Al12 phase dissolves into a-
Mg. Once again heating to above the solid phase temperature,
the residual b-Mg17Al12 phase begins to melt through the
reverse eutectic reaction of a þ b / L, which leads to the
formation of liquid phase. The uneven banded structure phase
(b-Mg17Al12) in the extrusion formed alloy leads to the for-
mation of the uneven distribution liquid phase. With the in-
crease in holding time, some melts have to be fed into the Al-
poor areas from the Al-rich areas containing a higher volume
fraction of liquid at the early stage of remelting in order to get
an uniform solideliquid distribution. This feeding istructures: (a) 590 C; (b) 600 C; (c) 610 C; (d) 620 C.
Fig. 7. Shape factor of AZ31 alloy held at the different partial remelting
temperatures for 20 min.
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difference of the liquid phases in Al-rich and Al-poor areas in
non-equilibrium state. Fig. 3 shows that the recrystallization is
obviously associated with the initial formation of liquid phase.
The recrystallization was stimulated because of the formation
of the liquid phase.
With the extension of holding time and the increase in
remelting temperature, the transformation of a þ b / L
further proceeds, which results in increasing the liquid phase.
With the extension of holding time and the increase in
remelting temperature, because of the homogenous distribu-
tion of remelting temperature in the alloy, the transformation
of b/ L occurs. These resulted in the increase of a-Mg and
the reducing of Al content. Because the melting points at
polygonal grains at the edges and corners are relatively low
due to their larger curvatures. Therefore, predictably, these
positions should first be melting, which can result in
increasing of liquid phase and grain spheroidization degree,
significantly.3.4. Thixoforging and mechanical properties of AZ31
magnesium alloyFig. 8 shows the successfully thixoforged components. The
thixoforging temperature is 590 C, the holding time is 10 min
and the constant forging velocity is 500 mm/s during the
experiment. The trial results indicate that AZ31 components
have very good surface finish and are formed completely.Fig. 8. Photograph of successfully thixoforged AZ31 components.The best combination of properties of thixoforged alloys is
290 MPa of ultimate tensile strength, 220 MPa of yield
strength and 10% of percentage elongation after fracture.
The tensile fracture surfaces analysis was used for inter-
preting the fracture mechanism of thixoforming components.
Fig. 9 shows the SEM photo of fracture surface of the thix-
oforming AZ31 alloy. It can be seen from Fig. 9 that its
fracture surface is composed of dimples and tear ridges, which
indicates the occurrence of significant plastic deformation at
AZ31 alloy. The thixoforged components show an improved
ultimate tensile strength, yield strength and percentage elon-
gation. The casting defects in alloy, can be eliminated by
pressurizing, solidification and warm extrusion. The good
mechanical properties and homogenous microstructure can be
obtained by properly controlling the remelting temperature
and holding time during thixoforming.
For magnesium alloy semi-solid thixoforming, the casting-
solid extrusion and partial remelting is suitable for the pro-
duction the ideal billet. To control the warm extrusion, the
remelting temperature and holding time, the ideal semi-solid
billet can be obtained. These can reduce the cost of semi-solid
billet manufacturing. This route is an important advance in
producing billet for semi-solid thixoforming.
4. Conclusions
The squeeze casting-solid extrusion and partial remelting
have been developed for the production of semi-solid billet for
thixoforming AZ31 alloy. The components with complicated
shapes can be produced by controlling the squeeze casting,
warm extrusion, partial remelting and subsequent thixoforging
processes.
As the temperature rises into the semi-solid regime, the
spheroidal grains are significantly increased. When AZ31
alloy is reheated to the solidus temperature, the recrystallized
grains and the first liquid phase occur. The increased tem-
perature results in the formation of spheroidal grains sur-
rounded by liquid films.
The cartridge components produced by thixoforging have
very good surface finish and are formed completely. The best
combination of properties of thixoforged alloys is 290 MPa of
ultimate tensile strength, 220 MPa of yield strength and 10%
of percentage elongation after fracture.Fig. 9. SEM photo of ruptured surface of tensile sample of AZ31 after
thixoforging.
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